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FOREWORD

This document presents the results of work performed
by per'sonnel of the Fluid Mechanics Section of the Lockheed-
Huntsville Research & Engineering Center, Huntsville, Alabama,
This work was performed for the Aerodynamic Systems Analysis
Section of the NASA-Johnson Space Center, Houston, Texas, (Con-
tract NAS9-13429) in support of Space Shuttle plume impingement
studies. The technical monitor for this contract is Mr., Barney
B. Roberts, EX-32,

ii
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SUMMARY

The Streamline Divergence Program was developed to demonstrate
the capability to trace inviscid surface streamlines and to calculate '""outflow
corrected" laminar and turbulent convective heating rates on surfaces sub-
jected to exhaust plume impingement. The analytical techniques used in
formulating this program are discussed. A brief description of the Stream-
line Divergence program is given along with a user's guide. The program

input and output for a sample case are alsc presented.

iii
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Section 1
INTRODUCTION

Most current theories used in predicting convective heat transfer
rates on body surfaces subjected to exhaust plume impingement do not
utilize an adequate outflow correction theory. When a plume impinges on
a surface at some angle of inclination, there is an outflow-induced thinning
of the boundary layer, and a corresponding increase in the convective heat~
ing rates to the surface. Application of current methods for predicting con-
vective heat transfer (without an adequate outflow correction theory) often
results in the predicted heating rates being considerably lower than the ex-
perimentally measured heating rates. Without an outflow analysis to deter-
mine the severity of the thinning of the boundary layer and the corresponding
increase in convective heating rates it is very difficult to make experimental-
theoretical comparisons. Under such circumstances, experimental-theoretical
comparisons can result in erroneous conclusions. For example, convective
heating rates are determined by both turbulent and laminar theory. The con-
vective heating rates determined by turbulent theory are found to compare
more favorably with experimental data than by laminar theory. The con-
clusion is then made that the experimental data are turbulent which may
actually be laminar. When proper outflow correction theory is applied, such
erroneous conclusions can hopefully be avoided. The results determined by
laminar theory and by turbulent thec;ry should compare favorably with the

laminar and turbulent data, respectively.

The computer program described in this report has been developed
to: (1) demonstrate the capability to trace inviscid surface streamlines and
calculate "outflow corrected" laminar and turbulent heating rates on a body
subjected to rocket exhaust plume impingement (It is capable of analyzing

impingement due to any supersonic flow field); and {2) improve the existing
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convective heat transfer prediction techniques {which do not apply outflow
correction theory) of the Lockheed-Huntsville Plume Impingement Computer
Program (PLIMP) (Ref. 1-1).

The analytical methods used in performing the inviscid surface stream-
line and convective heat transfer calculations are described in Section 5 of
Ref. 1-2. The Streamline Divergence program can be used to make: (1) com-
parative evaluations of the effects of plume impingement due to different
propulsion system configurations; (2) parametric studies; and (3) vehicle
design studies.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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Section 2

PLUME IMPINGEMENT ANALYSIS USING THE STREAMLINE
DIVERGENCE METHOD

An analysis to trace inviscid surface streamlines and calculate “out.--
flow corrected” heating rates on surfaces subjected to exhaust plume impinge-
ment is a rather detailed procedure. The Streamline Divergence program
is the means by which the final results are obtained. This section is intended
to familiarize the program user with the data used by the Streamline Diver-
gence program, and the means by which the data are generated. A brief com-

putational scheme is presented in the following paragraphs.

The prominent features of the computational scheme required in order
to completely describe the environment of a vehicle subjected to exhaust plume

impingement, and the effects of this environment on the vehicle are:

'@ Description of the thermochemical behavior of the
propellant system,

e Prediction of the undisturbed exhaust plume properties
via gas dynamic and thermochemical methods,

e Prediction of the body local flow properties for a
surface immersed in an exhaust plume,and

e Prediction of heating rates to the surface.

The thermochemical properties are calculated using the NASA-Lewis
TRAN72 computer program (Ref. 2-1). The free, undisturbed plume local
flow properties are computed using the method of characteristics (Ref, 2-2),
with the computations accomplished using the Lockheed-Huntsville Variable
O/F Method-of -Characteristics (VOFMOC) computer program (Ref, 2-3).
The body local flow properties for a surface immersed in a free plume are
calculated using the PLIMP program. Finally the heating rates to the sur-

face are calculated using the surface geometry and impingement properties.

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER
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2.1 THERMOCHEMICAL ANALYSIS

The thermochemical properties of the propellant system being analyzed
are computed assuming the combustion products to be chemically frozen or
in local chemical equilibrium. The thermochemical properties are obtained
by computing the flow{ield expansion properties from specified engine com-
bustion chamber conditions using the NASA-Lewis TRAN72 computer program.
The TRAN72 program has been modified to generate a binary tape containing
all the pertinent parameters needed for flowfield and heat transfer analysis
including the mole fractions of each constituent. This method reduces much
of the tedious and time-consuming effort normally necessary to prepare input

for a single flowfield calculation.

2.2 UNDISTURBED FLOWFIELD ANALYSIS

The VOFMOC program is used to calculate the exhaust plume flow fields.
Utilizing the VOFMOC program, the exhaust plume for any arbitrary nozzle
and exhaust gas (ideal or reacting) system with gradients in the oxidizer/fuel
ratio can be calculated. At finite back pressures the program normally gene-
rates the plume flow field using the flow regime continuum methods. As the
back pressure is lowered, the outer regions of the plume become progres-
sively more rarefield until eventually the flow becomes free molecular. The
VOFMOC program permits transfer of the calculations from a continuum

analysis to a free molecular analysis across a "freeze" front in the flow field.

2.3 BODY LOCAL FLOW PROPERTIES ANALYSIS

The PLIMP program is used to calculate body local flow ptroperties for
a surface immersed in a free plume. The PLIMP program locates each im-
pinged body and the particular motor with respect to a reference coordinate
system. The impinged bodies are then further divided into small elemental
areas over which uniform approach flow is assumed.. The geometrical sub-

shapes which the computer program can analyze are shown on the following

page.

2-2
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e Conic shapes, i.e., cones, cone frustums, cylinders
e Flat plates, i.e., rectangular, circular, triangular
® Airfoil shapes, and

e Arbitrary axisymmetric bodies whose surface curva-
ture can be described by a polynomial curve fit
{maximum of fourth degree).

The local flow conditions on a given elemental area are obtained by
locating the centroid of each elemental area in the free plume from a search
of the plume flowfield tape. The local impingement angles are obtained using
the local flow velocity vector and the elemental area unit-normal vector.
Shock calculations are then performed to obtain the local flow properties.
An iterative solution is used to perform the equilibrium shock calculations
for a real or ideal gas. The real and ideal gas calculations are similar, the
difference being that the ideal gas solution converges on the first iteration.
A more detailed description of the equilibrium shock calculations is given
in Ref. 2.4. Forces and moments are then obtained by numerically integrating

the local impact pressure distribution over the body.

Pressures can be calculated in continuum flow using Newtonian theory,;
modified Newtonian theory; or oblique shock theory; in free molecular flow

using kinetic theory; and in transitional flow using empirical relationships.

Convective heating rates in the continuum or transitional flow regimes
are calculated (outflow correction theory is not applied). Heating values for
continuum-laminar, continuum-turbulent and transitional flow are calculated
The method used for the calculation of heat transfer to a body in the trans-
itional regions of the plume has been previously presented in Ref. 2.4. Basic-
ally, it amounts to a continuum solution correction to account for the effects
of a slip velocity and temperature jump at the surface. Free molecular heat-
ing rates are calculated at each elemental area from an energy balance-type

equation.

2-3
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2.4 STREAMLINE DIVERGENCE ANALYSIS PROGRAMS

The computer programs and calculational techniques described pre-
viously have been combined in an automated fashion to fully describe the
vehicle environment and the effects of this environment on the vehicle. A
schematic flow chart of the calculational process and the flow of information
is given in Fig.2-1. The arrangement in Fig.2-1 allows the greatest flexi-
bility with a minimum of effort and prevents redundant calculations. For
instance, if the heating effects are desired for a previously developed plume,
but a new body, then only the PLIMP and Streamline Divergence programs

need be rerun.

2-4
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2-5

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TM D390450

Section 3

CALCULATION OF CONVECTIVE HEATING RATES USING
A STREAMLINE DIVERGENCE METHOD

This section describes the analytical procedures used by the Stream-
line Divergence program. The analysis permits the tracing of inviscid
surface streamlines, and the calculation of ‘"outflow corrected" convective
heating rates on surfaces subjected to exhaust plume impingement. Basic-
ally, the procedure is the following: the Streamline Divergence program
applies the Method of the Bicubic Piecewise Polynomial Functions to the
impingement pressure distributions calculated by the PLIMP program so
that the pressure distribution over the entire body may be described by
functional means. The same calculations are applied to the local velocity,
local entropy, freestream velocity and freestream entropy distributions
determined by the PLIMP program. Once these calculations are performed,
the body local flow properties are defined over the entire body in functional
terms. The Streamline Divergence program next applies DeJarnette's (Ref.
3-1} streamline divergence methods to determine the streamline patterns
and corresponding '"equivalent radius" or metric coefficient for the particular
body surface subjected to exhaust plume impingement. Convective heating
rates for a laminar and turbulent boundary layer are calculated using the
integral form of the energy equation. The effects of variable freestream
velocity, density and pressure are accounted for through the use of the ap-
propriate transforms of the flat plate solution. Reynolds number is output
in order for the user to choose the most applicable of the two convective

heating rates that are provided.

3.1 METHOD OF THE BICUBIC PIECEWISE POLYNOMIAL FUNCTIONS

The tracing of inviscid surface streamlines and calculation of convective
heating rates are dependent on the surface pressure distribution. Before in-

viscid surface streamlines and heating rates can be calculated, a description

3-1
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of the pressure distribution on the body surface is needed. This pressure
distribution must yield continuous first and second derivatives in both the
axial and circumferential directions {assuming that a cylindrical coordinate
system is used). If the pressure distribution on the body surface could be
described by an analytical equation this requirement could easily be met.
Unfortunately, this is not the case; most if not all pressure distributions
cannot be described by an analytical expression. Often, only the pressure

at several points along the circumference of the body surface at several axial
stations is known, and the pressure distribution must be generated from these
data. Therefore, a numerical technique is required that will generate the
pressure distribution from these data, and calculate the required derivatives
at "any'" point on the body. This technique must also be capable of performing

numerical interpolation and differentiation with a reasonable degree of accuracy.

Experience has shown that numerical differentiation methods are gener-

- ally inaccurate. The method of splines (Ref. 3-2) however, has proven to be

an effective method for numerical interpolation, differentiation and integration.
The two-dimensional or bicubic spline (which is needed for a three-dimensional
axisymmetric body) is able to perform these operations accurately due to the

strong convergence properties it possesses.

The Streamline Divergence program applies the Method of the Bicubic
Piecewise Polynomial Functions to the pressure distribution determined by
the PLIMP program so that the pressure distribution may be described in a
functional means. The governing equations, as derived in Ref, 3-2 may be

written as follows:
P, ¢) = Coo(fx) (?Al_q!») ¥ CIO(AiX) (&_ltﬁ) i COI(EI'X) (2\%)

(3.1)
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aP | 3 > . a i ¢ j-1
5g (i é) = ;) Z; _]Cij(&-{) (M) (3.2)
i=0 j=
_gi; (e, 6) = i 23: icij(ﬁ)i-l (ﬁ)j (3.3)
izl j=0
%‘(X.Qﬂ = Zsi 23; ij cij(i)i_l (—Aéa)j-l (3.4)
i= J=

5°p 22 Ligyi-e
Ol LR ng 16-1 oy( ) () (3.5)

2 3 3 i-2 j
o_P _ — X
L= Y Yaency () (&) (3.6)
gx —_
i=2 j=0
where:
P = local flowfield property of interest

cij = coefficierits for the polynonial P (x, ¢)

and the corresponding coordinate system used is presented in Fig. 3-1. The
same equations are applied to the local velocity, local entropy, freestream
velocity and freestream entropy distributions determined by the PLIMP pro-
gram. Once these calculations are performed, the body local flow properties
are defined over the entire body in functional terms. The end result obtained

from applying the Method of the Bicubic Piecewise Polynomial Functions to

3-3
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the data presented in Fig.3-1 is presented in Fig. 3~-2. The pressure surface
is completely specified by individual sets of coefficients which uniquely
describe a bicubic polynomial function in each region over the entire pressure
surface. At any point on the surface, the pressure and pressure derivatives
can be determined by using Eqs. (3.1) through (3.6} and the corresponding set

of coefficients.

Briefly, to determine the value of a particular flowfield property at a
point defined by X and ¢ on the body‘surfa.ce, the region Rij which contains
x and ¢ is first specified. Equations (3.1) through (3.4) are then evaluated
at each of the four corners of the region Rij' These equations make up a
set of sixteen simultaneocus equations to he solved for the sixteen coefficients
describing the particular flowfield property of interest in region Rij' The 16
coefficients are solved for, and then with the value of X and ¢ substituted intg

Eq. (3.1) to yield the particular flowfield property value.

3.2 THE STREAMLINE DIVERGENCE METHOD

At this point, the body local flowfield properties are defined over the
entire body in functional terms. The Streamline Divergence program next
applies the methods of DeJarnette (Ref. 3~ 1) to determine the streamline
patterns and calculate the corresponding "equivalent radii' or metric coef-
ficients along each streamline for the particular geometry subjected to ex-
haust plume impingement. The general form of the equations, as derived

in Ref. 3-1 may be written as follows:

F
Déa 5 . 9 P
== = -~ - 8inB cosI' = |=—
DS (.OV2> ox (Ps)

{cos8 cosé¢ + sin® sm6¢ sinI") 5 ( P)

-+

£ aWFPS

(sinB cosbé, - cosO sind , sinI)
sinIh cosf cosl’ dc + ¢ ¢ o

Bx 7 | 61
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%s‘:' = cosf cosl (3.8)
D¢ sin@ c056¢ - cosf sin6¢ ginl’ (3.9)
DS f
2 :
2 P
LB s L emy| oo
DS pv
P
s 1 o 1 9
t S % [h 3p (P./Ps)}
pv
cosZI“ cos d
¢ |or 3o _ 20 T
¥ i 5x 89 ~ ox 09 (3.10)
where
DS = differential arc length along a streamline
PS = stagnation pressure
ff = mass density
V = inviscid speed on surface
8 = inclination angle of the inviscid surface streamline
P = static pressure
f = body radius, measured from the longitudinal axis
x = longitudinal coordinate
¢ = circurmferential angle
2 2
. (3t 1 af
& ﬂ(ax) +(f Bé) t1
af
I" = body angle defined by sinl" = —%—

1/2
g
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1 af

§ . = body angle defined by siné , = T
¢ y 4 y ¢ 2 ]72
1 8f
()

B = coordinate normal to the streamline on the body surface
h = "equivalent radius' or metric coefficient in the B direction
M = Mach number

For a cylinder, which is the only geometry currently considered by the Stream-
line Divergence program; the anglesI” and 6¢ are identically equal to zero,
reducing Egs. (3.7} through (3.10) to:

pe _(Fs) [ inB £— {P/P )+ £288 0 (p/p (3.11)
DS ~ \ 2 sin —f 3¢ . .
%gﬁ_ - cos® (3.12)
B¢ - siné (3.13)
1 Dzh Ps 8 (P/Ps) cosf B (P/Ps) : 2
T T3 T oC 5 -s1n6 5 + H (3-M7)
DS oV X f 3¢
_ {1 Dh cos0 8(P/Pr-.;}_ sinf a(1::./]‘:’5)
h Ds . ox f ¢
P/ s(P/P)  , o*(®/P)
+--—2 T sin® c'ose—a‘b—--i-sinﬂ-——z
pv ox
2
2 2 3 (P/P )
_ 2 . d p cos O 5
7 sinf cosé 5%5 ¢ + fz 5% ) (3.14)
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respectively. It should be noted at this point that other geometries can
easily be incorporated into the Streamline Divergence program simply by
making the proper substitutions into Eqs. (3.7) through (3.10) to yield new
applicable Eqgs. (3.11) through (3.14).

The values of local static pressure, velocity and the derivatives

aP 9P 8°P 8°P aép

ox ' B¢’ 2 E)‘ﬁza‘nd 5%00

are determined by using the bicubic piecewise polynomial functions at the
correct geometric location on the body surface. The inviscid surface stream-
lines and their corresponding metric coefficient, h, are calculated by numer-
ically integrating Eqgs. (3.11) through (3.14) simultaneously. The numerical
integration scheme used is the fourth order variable step size Runge-Kutta
method. The initial conditions required to start the integfatiOn of each
streamline are determined external to the program and input by means of

punched data cards.

3.3 RELATIONSHIP OF THE METRIC COEFFICIENTS TO CONVECTIVE
HEAT TRANSFER THEORY

The convective heating rateg for a laminar and turbulent boundary layer
are calculated using the integral form of the energy equation. The effects of
variable freestream velocity, density and pressure are accounted for through
the use of the appropriate transforms of the flat plate solution. Non-constant

properties through the boundary layer are also accounted for.

In Ref. 3-3 {(among others) it is shown that the energy equation can be
reduced to an equation with enthalpy as the dependent variable under a number
of different conditions including some cases where there is dissociation,
chemical reaction and mass diffusion within the boundary layer, The com-
plete development of the enthalpy form of the equation and the evaluation of

the surface heat rate are presented in Ref, 3-3,

3-9

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TM D390450

Based on examination of several "exact'" laminar boundary layer solu-
tions, Eckert (Ref. 3-4) recommends that the effects of variable gas properties
through the boundary layer can be accounted for by simply evaluating the prop-
erties at a ""reference enthalpy' and using these values in the constant property
solutions as obtained by Blasius, Based on this method, the convective he_ating

rate to the wall is evaluated using:

Laminar Boundary Layer

0.
O v,

: 0.332
§ = —& (H -h_ ) (3.15)
Pr* 2/3 < .5 r w
L
where: XL = laminar characteristic running length. XL is obtained for

variable property flow over an arbitrary shape, by numerically .
integrating the following equation along a flowfield gtreamline,
(Ref. 3-3)

X, = fpthdS
p i vV h®

-Hr = adiabatic wall enthalpy

ve 2
Hr = hw + 2 = 2 (.1 - r)
r = recovery factor

T :JP*
r

3-10
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Turbulent Boundary Layer

* L2

- 0.0292 * ).
- [1+.212 (ReT) g -1)] X rw
r
where: XT = turbulent characteristic running length
S
1 - * % 1.25
Xt = % % 1.25fpuveh 5
P K Veh o
ReT = turbulent Reynolds number
¥ *
Re’I‘ =P VeXT/‘u
_ % 1/3
r = .Pr
*
Pr = Frandtl number
p* = absolute viscosity
Ve = velocity at the edge of the boundary layer
Vo = freestream velocity
'hw = wall enthalpy
w = freestream enthalpy
= wetted length along the streamline
h = metric coefficient

The starred (*) properties refer to properties evaluated at a temperature

corresponding to a '"reference enthalypy," H¥, where

3-11

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TM D390450

*
H =h_ +0.5(H -h)+0.22(H_ ~h)

o p
it

static enthalpy at the boundary layer edge

o
i

stagnation enthalpy

The wall enthalpy (hw) in Egs. (3.15) and (3.16) may be calculated
assuming either an infinitely fast recombination rate in the boundary layer
(chemical equilibrium) or an infinitely slow recombination rate (chemically
frozen). The upper extreme to the convective heating rate is determined

by assuming equilibrium chemistry throughout the boundary layer and a
fully catalytic wall. The lower extreme to the convective heating rate is

determined by assuming a frozen thermal boundary layer and a non-catalytic

wall.

Eckert's reference enthalpy method has been chosen for use in the
above analysis for demonstration purposes. Other methods do exist (though
they have not been evaluated under the present study) that may be applied to
the problem of exhaust plume impingement and, can be incorporated into the

computer code with a minimum of programming difficulty.

3-12
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Section 4

USER'S INPUT GUIDE FOR THE STREAMLINE
DIVERGENCE COMPUTER PROGRAM

The Streamline Divergence program utilizes three forms of input: (1)
data statements within the program; (2) magnetic tapes; and (3) punched data
cards. Data statements are used to input thermodynamic data (for reaction
products in functional form) that seldom change. Magnetic tapes and punched
data cards are used to input data that frequently vary from one exhaust plume
flow field to another or from run to run. The program magnetic tape assign-
ments are given in Table 4-1. Each punched data card and its use is explained

in Section 4.].

4.1 PROGRAM INPUT GUIDE

Card I: Program Control Card

Format Column Item
1615 5 NFIT, number of flowfield properties to be

curve fit using the Method of Bicubic Piece-
wise Polynomial Functions {upper limit of 5)

10 IUNIT, tape unit number on which impinge-
ment data are written

15 NOXCUT, number of axial printout intervals

20 NOYCUT, number of angular printout intervals

25 JMAX, number of points on each streamline

where heating rates are to be calculated
(upper limit of 150)

30 ICARD, number of species data input on
punched data cards

35 NPRINT, control option that indicates to print
(=1) or not to print (=0) intermediate data
(used during program checkout procedures)

4-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC TM D390450

Table 4-1

MAGNETIC TAPE ASSIGNMENTS FOR THE STREAMLINE
DIVERGENCE PROGRAM

Tape Units
Where Required U-1108 Tape Unit Function

Section 1

Subroutine PLIRED IUNIT Impingement data generated
by the PLIMP program (input
: data)
Subroutine PLIRED is
the controlling routine which
arranges the PLIMP output
in the form used by the
data acquisition routines.
This subroutine is called
once at the beginning of
each run.

Section 2

Convective Heating Rate 3 Thermochemical properties
Analysis data generated by the TRAN72
program (input data)

This section performs the
convective heating rate
analysis along each inviscid
surface streamline being
traced.

4-2
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Card 2:

Format

1615

Card 3:

Column

5

LMSC-HREC TM D390450

Item

NOSL, number of individual streamlines to
be traced (upper limit of 10)

This card contains the initial conditions required to start the
tracing of each streamline utilizing the fourth order variable
step-size Runge-Kutta method. There is one card for each
streamline to be traced.

ICARD > 0).

X8TART, initial axial location of streamline (in.)

YSTART, initial angular location of streamline
(rad)

TSTART, initial streamline direction (rad)
HSTART, initial metric coefficient (in.)

ASTART, initial derivative of metric coefficient
with respect to streamline coordinate (in./in.)

DELS, integration step size along streamline (in.)

TWALL, body surface wall temperature. Assumed
to be constant over the entire body (°R)

NENTLP, control option that indicates to calculate
wall enthalpy assuming frozen (=1} or equilibrium
(=2) chemistry throughout the boundary layer.

Species concentration cards {used when NENTLP = 2, and
This card(s) specifies the mole fractions of the

flowfield gas composition.

6F10.4 1-10
11-20
21-30
31-40
41-50
51-60

Card 4:

10E11.4 i-11

Card 5

1615 5

Card{s) 6:

4{A6, 4X, 1-6

E10.6) 21-26
41-46
61-66
11-20
31-40
51-60
71-80

Chemical species name, i.e., HZ’ HZO

Mole fraction

4.3
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The species names are left-adjusted,

Cards 7,8 and 9: Wall enthalpy array cards (used when NENTLP = 1). These
cards are used to define wall enthalpy as a function of impinge-
ment pressute and body surface wall temperature.

Card 7:

Format Column Item
515 5 NPWALL, number of independent pressures in

the impingement pressure array

10 NTWALL, number of independent temperatures
in the body surface wall temperature array

Card(s) 8 and 9:

E10.6/
(8E10.6)
Card 8:
1-10 TWALL, ternpera.turct’a in body surface wall
temperature array ( R)
Card(s) 9:
1-10 PWALL, pressure in the impingement pressure
21-30 array (psi)
41-50
61-70
11-20 HWALL, corresponding dependent wall enthalpy
31-40 (Btu/1bm)
51-60
71-80

Cards 8 and 9 are repeated NTWALL times.

4-4
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Card 10: This card contains identifying information for the particular problem
of interest. This information is printed at the top of each page of

the output.
Format Column Item
12A6,1I5 1-72 Comment card; header information such as
problem title may go in these columns.
73-77 Case number of the particular problem being
analyzed.
4.5
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Section b
PROGRAM NOMENCLATURE

The Strearmline Divergence Program, like all computer programs,
contains its own particular system of terms. This section presents a list
of all "key" nomenclature used in the program, and may be used as a quick

reference when working with the program.

5-1
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INTTEAL FLR2D Dt RIVATIVE OF MEIRIC COeRFICIENT WITH HESPECT TO
DLISTANCL ALONG A STRELAMULINEG (REGUIRED TU START THE TRACING OF EACH
STREAML INL)

SECOND VERIVATIVE OF METHIC COEFFICIeNT WITH RESPECT TO pPDISTANCE
ALUNG A STREAMU [MNe

INTEGRA T LIUN STEP SIZE ALUNG A STREAMLINE ( INCHES)

FIRST DeRIVATIVL OF METRIC COEFFICIENT WITH RESPECT TU LDISTANCE
ALUNG A STREAML INE

FIRLGT DURIVATIVE OF DTRLAMLINE DIRECTION wlTH RESPECT TO ULISTANCE
ALONG A STRuAML INL

FlenT DLRIVATIVE OF X wilTH RESPECT TU UDISTANCE ALONG A STREAML INE
rleT LL LVATIVE OF PHI wiTH KRESPECT Tu LDISTANCE ALONG A bTREAMLINE
LAMINAR ADIABATIC WALL ENTHALPY (BTu/LBM)

FURBULENT AULTABATIC WALL ENTHALPY (oSTuUs/LEM)

WALL ENTHALPY (BTUsLEM)

AINITIAL METRIC COEFFICIENT OF STREAMLINE (REGUIRED Tu STAKT THE

THRACING OUF EACH STREZAMLINE) ( INCHES)

ENTHALPY AT ThE muwGe OF THL GOUNDARY LAYER (BTU/LBM)
ENTHALRPY [N THE wALL ENTHALPY ARRAY (gTus/lbM)

METRIC COLFFICIENT ( INCHeS)

NUMBER JF SPECIE DATA INPUT UGN PUNCHED DATA CARDS
TAPE UNLIT NUMBER ON wWwHICH IMPINGEMENT DATA 15 WRITTEN

NUMBLR JF PCOINTS ON EACH STREAMLINE WHEKL HUATING RATeS ARE TO Bt
CALCULATED

COUNTER THAT INDICATES THE NUMBER OF THbe INVISCID SURFACE STREAML INE
PRESENTLY BEING TRACED

CONTROL QPTIUN THAT INDICATES TO CALCULATE wALL ENTHALPY ASSUMING
FROZEN (=1) UR EGQUILIBKRIUM (=2) CHEMISTRY THRUUGHOUT THE BOUNDARY
LAYER

NUMBER UF FLOW FlbElLy PRUPERTIES TO Bt CURVE FIT USING THE METRHOD
OF BlcUplC PIECEWISE POLYNOMIAL FUNCTIONS

FHUMBER OF IWuiVIDUAL STReAMLINES TO be TRACED
NUMBER JoF AXTAL PRINT QUT INTERVALS
NUMBER UF ANGULAR RPRINT OUT INTERVALS
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COUNTROL OQPTIUN THAT INDICATES TO FPRINT (=1) OR NOT TO PRINT (=0Q)
INTERMEDIATE DATA

NUMBER wF INLDEPENUENT PRESSURES IN THE IMPINGEMENT PRESSURE ARRAY

NUMBER JF INUDEPENDENT TEMPERATURES IN THE SOLY SURFACE WALL
TEMRPERATURE ARRAY

ANGULAR LUCATION ON THE BODLY SURFACE (RADTANS)
LOCAL PRANDTL NQMBER

REFERENCE LAMINAR LOCAL PRANDTL NUMBER

REFERENCE TURBULENT LOCAL PRANDTL NUMBER

LUCAL TP INGEMENT PHRESSURE (PS5F)

PRESSURE [N THE IMPINGEMENT PRESSURE ARRAY (PS1)
LAMINAR CUNVECTIVE HEATING RATE (BTUAFT#%2 SEC)
TURBULENT CONVECTIVE HEATING RATE (BTUAF T*##2 SEC)
LAMINAR REYNOLDS NUMBER

TURBULERNT REYNOLDS NUMBER

LOCAL DENSITY (LBMAFTH*%#3)

REFERENCE LAMINAR LUCAL DENSITY (LOM/FTE#3)
RUFERENCE TURBULENT LOCAL DENSITY {(LBM/FT®%3)
LOCAL ENTRUPY (BTUsLEM ®R)

FHEE STREAM LNTROPY {(BTU/LBEM °R)

LOCAL FLUW FIELL TEMPERATURE AT THE cDGE OF THE BOUNDARY LAYER { 7))
BULDY SURFACE wALL TuMPERATURE {°K)

INITIAL STReEAMLINE DIRECTION (REQUIRLE TU START THE TRACING OF
EACH sTREAMLINE) (RADIANS)

HUOY SURFACE WALL TEMPERATURE (%R}

BOLY SURFACE WALL TEMPERATUREe ASSUMED TO UE CONSTANT Over THE
ENTIRE oB00Y ( °R)

LUCAL VELUCITY (FT/5EQC)

ARHKAY Uokw TO STORE LOCAL FLUW PROPERTIES AND THEIR DERIVATIVES AS £
FUNCTIUN UF GEOMETKRIC LUCATIUN ON THE t3UDY SURFACE

peF ENE S ThHi AXTAL GuOMETRIC LOCATION ON THE BHULY SURFACE (INCHES)

DEFINES THE ANGULAR GEOMETRIC LOCATION UN THE BODY SURFACE (RADIANS)
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VIS

v INE

vIssg

VISsT

ViMAX (1)

Viviax (2)

VMAX (3)

VMAX (4)

VIAAX(5)

X

XL L A

XL TURE

XM

XS5TART

XX

YOwT (1}

YLOUT (2}

YDOT (3)

YOOT (4

YDUT(S)

Yslary

¥yl

LerF INES
TO PHI

(3531 OR WITH RESPECT TO X AND PHI
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THE DERIVATIVE OF VvV WITH RESPECT TO X (8=2)« WITH RESPECT
(B=4)e IF B =1+ NO

DERIVATIVE HAS BEEN TAKEN

D IINE D
(=2,

THe LOCAL FLUW PHCRERTY. LOCAL VELOCITY (A=1)+LGCAL ENTROPY

FRo: STREAM VELGLITY (A=3)s FhEb STREAM ENTROPY (A=4)s AND

LOCAL [P THGEMENT PRESSUKE (A=5)

ALSOLYTE VISCOSTITY (LBMAFT SEC)

FRot, STREAM VvELOCITY (FTA/SREC)

ﬁL%hHENLE LAMINAR ABSOLUTE VISCOSITY (LBMAFT SEC)

RUFERENCE TURBULENT ABSULUTE VISCOSITY (LBM/FT SEC)

MAX T UM
MAX T MU
MAX [ MM
MAX T MM

MAX T MUM

LUCAL VELOCITY N THE BOLY SURFACE {(FT/SEGC)
LUCAL ENTROFPY ON THE BODY SUKFACE (BTU/LBM °R)
Fixte STREAM VELULITY (FT/SECQC)

FREE STREAM ENTROPY (BTU/LEM °R)

LOCAL TMPINGEMENT PRESSURE ON THE BOLY SURFACE (PSF)

AXTAL LJUCATIUON OGN THE BOLY SURFACE ( INCHES)

LAMINANK

CHARACTERISTIC RUNNING LENGTH ( INCHES)

TURBULENT CHARACTERISTIC RUNNING LENGTH (INCHES)

LOUCAL MACH NUMGER

INITIAL
OF BEACH

AXTAL LOCATION UF STREAMLINE (REGUIRED TO START THE TRACING
STREAMUINE) (INCHES)

AXTAL LOCATION ON THE BUDY SURFACE (INCHES)

THo LTURED VALUE OF DXDS

THe STURED VALUE OF DYDS

THE STORED VALUE OF DTDS

THe L5TOKED VALUEL OF DADS

THE STOKEU VALUE OF DHDS

INIT AL
THRACING

ANGUL AR

ANGULAR LOCATION OF STREAMULINE (REQUIRED TO START THE
OF EACH STREAMLINE) (RADIANS)

LUCATION ON THE bOLY SURFACE (HADIANS)
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Section 6
USE OF THE STREAMLINE DIVERGENCE PROGRAM

To familiarize the user with the operation of the program, a sample
case is presented. The user is guided through a step-by-step procedure
in setting up the data, coding the input for the program and interpreting the

cutput from the program.

6.1 SAMPLE PROBLEM

A typical shuttle configuration is chosen as the example. In this ex-
ample, one ig interested in tracing inviscid surface streamlines, and calcu-
lating "outflow corrected'" convective heating rates on that portion of the
booster fuselage subjected to exhaust plume impingement. The overall coor-
dinate system and the orientation between the booster and the orbiter engine
is shown in Fig. 6-1. The coordinate system reference point corresponds to
the first point analyzed by the PLIMP program. The upper surface of the
booster fuselage was mathematically modeled as a cylinder (radius of 5.805

in.).

6.2 IDENTIFICATION OF THE INPUT/OQUTPUT DATA

The input data for the problem configuration described in Section 6.1
will be illustrated by identifying the computer printout of the input data in
Table 6-1.

The input data for the configuration of Section 6.1 is identified as

follows:

@ This is an identification of the problem, and is printed at
the top of each page of data. This information is contained
in card 10 of the input.

6-1
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Fig. 6-1 - Overall Coordinate System and Orientation Between the Booster and Orbiter Engine
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Table 6-1

STREAMLINE DIVERGENCE PROGRAM QUTPUT LISTING

e

(:) LOCKHEED/HUNTSVLLE STREA

CASE NO. 1

(:) NFLT [UNTT NOXCUT. NOYCuUT
5 11 20 25
STREAMLINE ASTART YSTART TSTART
l 060 « G2 « 3507
2 30600 ¥ v]i0y) T Ratial
3 3«DE0Y «DGTE 1530
Y 06D 2007 20237
5 A+0677 e 2G0T « 2540
TwALL NENTLP ICAKD
S40,0Q008 2 G

TOTALL FREESTREAM ERTHALPY =

~«86467+32 gTU/LBNM

JMAYX
145

HSTART
S.8n5"
5. HQSO
5,835
5.84570
S.8650

ASTART
200C
<002
«500G
« 2000
« 2003

MLINE DIVERGEWCE COMPUTER PROGRAM SAMPLE OUTRUT

DELS
+ 1008
« 10860
o 120G
+ 1000
+ 1008

PAGE

l
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Table 6-1 (Continued)
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These are the control variables used in the inviscid surface
streamline tracing section of the program. These data are
contained in card 1 of the input.

These are the initial conditions required to start the tracing
of each streamline utilizing the fourth order Runge-Kutta
method. These data are contained in cards 2 and 3 of the
input.

These are the control variables used in the convective heating

rate section of the program. These data are contained in
cards 1, 4 and 5 of the input.

The output of the program is identified by the symbols @
through @ . These are the body local flow properties,

heating rates, and characteristic dimensions calculated along
each inviscid surface streamline. The variables are defined
as fpllows:

Indicates the number of the inviscid surface streamline
presently being traced.

Axial location on the body surface
Angular location on the body surface
Local velocity

Local entropy

Local Mach number

Local density

Laminar adiabatic wall enthalpy
Turbulent adiabatic wall enthalpy
Local wall enthalpy

Local flowfield temperature at the edge of the boundary layer
Local impingement pressure

Local viscosity

Local Prandtl number

6-5
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Local metric coefficient

Laminar characteristic running length
Turbulent characteristic running length
Laminar convective heating rate
Turbulent convective heating rate
‘Lamina.r Reynolds number

Turbulent Reynolds number

OEROROBDEG®

6.3 SAMPLE RESULTS

Some of the pertinent data contained in Section 6.2 is presented graph-
ically in this section. The impingement pressure distribution and other local
flowfield properties used by the program were calculated by the Lockheed-
Huntsville PLIMP program. Figure 6-2 is a plot of inviscid surface stream-
line coordinates (¢ versus X) for several initial streamline starting angles,

8 . Figure 6-3 is a plot of metric coefficient versus distance X for one of
these streamlines (8 = .05 radians). In Fig.6-2, the streamlines diverge at
an increasing rate as they proceed axially down the cylinder. Theé rate of
divergence at any point on the cylinder increases with increasing initial
starting angle, 8. This divergence, i.e., the spreading of the streamlines,
is reflected by the metric coefficient plot in Fig.6-3. Figure 6-4 is a plot
of the laminar impingement heating rate distribution along the streamline

with an initial starting angle, 6 = .05 radians.

6-6
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- Metric Coefficient Variation Along a Streamline with an Initial Starting Angle, 8 = .05 rad
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Impingement Heating Rate, (Btu/ftz-sec)
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Fig.6-4 - Laminar Heat Transfer Distribution Along a Streamline with an Initial Starting Angle, 8 =.05 rad
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Section 7
CONCLUSIONS AND RECOMMENDATIONS

The Streamline Divergence program provides a means to make: (1)
comparative evaluations of plume imping ement due to different propulsion
system configurations; (2) parametric studies; and (3) vehicle design studies.
The Streamline Divergence prograﬁl:has demonstrated the capability to trace
inviscid surface streamlines and calculate "outflow corrected' convective
heating rates (laminar and turbulent) on surfaces subjected to exhaust plume
impingement (or any other supersonic flow field). F.R, DeJarnette's stream-
line divergence methods are applied to determine the streamline patterns and
-calculate the corresponding '"equivalent radii" or metric coefficients along
each streamline for the particular geometry subjected-to exhaust plume im-
pingement. For purposes of demonstration the: streamline divergence method
has been applied to that of exhaust plume impingement on a cylinder. The
incorporation of other geometries into the computer code is a straightforward

procedure.

Convective heating rates are obtained from the boundary layer analysis
for both the laminar and turbulent flow assumptions along each streamline.
Eckert's reference enthalpy method is used to account for the temperature
dependent property variations through the boundary layer. The local Reynolds
number is output in order for the program user to choose the most applicable

of the two heating rates.

Eckert's reference enthalpy menthod has been chosen for use in the
convective heating rate analysis for demonstration purposes, Other methods
do exist that may be applied to the problem of exhaust plume impingement
and, can be incorporated into the computer code with a2 minimum of program-
ming difficulty. '
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